To evaluate the toxicity of environmental chemicals to invertebrates, a static bioassay was developed in the laboratory using the Caenorhabditis elegans (C. elegans). First, reproducibility of this aquatic acute toxicity test system was confirmed. In order to estimate chemical toxicities in C. elegans, worms were subsequently exposed to eleven different xenobiotics. Mortality after 24 hr was adopted as the endpoint of toxicity. We found that benzo[a]pyrene, nonylphenol, benzophenone, bisphenol A and cadmium chloride affected viability of C. elegans. These data suggest that C. elegans is a suitable toxicity test organism for environmental xenobiotic chemicals, and that lethality can be used as a testing endpoint.
INTRODUCTION
Caenorhabditis elegans (C. elegans) is a freeliving nematode that lives mainly in the liquid phase of soils. It has been widely used as a test organism owing to its short life span and ease of culture. In addition, C. elegans is a simple multicellular organism whose genome has been fully sequenced, 1) making it a good model to test the effects of xenobiotic chemicals in vivo.
To date, a large number of toxicity test have been developed using C. elegans. [2] [3] [4] [5] [6] [7] These tests are adopted as a bioassay system for ecological risk assessment and screening of drugs in pharmaceutics. Most studies have focused on the effects of metals or agricultural chemicals, but little is known about the relative toxic effects of other environmental chemicals on C. elegans.
The increasing exposure of the environment to an unimaginably large number of man-made chemicals has affected organisms in many ecosystems. Therefore, the need for bioassay systems, especially employing terrestrial invertebrate, is widely accepted by the OECD (Organization for Economic Cooperation and Development) and EPA (Environmental Protection Agency). Accordingly, we have been setting up several laboratory-scale bioassay systems to evaluate the impact of various chemicals on C. elegans in vivo. In general, determination of lethal concentrations, such as the median lethal concentrations (LC 50 s), is recognized first steps for risk assessment of synthetic and natural chemicals. In this study, we use lethality of environmental xenobiotic chemicals as an endpoint in an aquatic acute toxicity testing system based on the soil nematode C. elegans, and we discuss its usefulness as a toxicity testing organism. C. elegans was used in this study. Worms were maintained and handled basically as described.
MATERIALS AND METHODS

Chemicals
8)
Acute Toxicity Test ---An acute toxicity test was performed according to a procedure of Donkin and Williams. 9) Because of the possible age influence on toxicity, age-synchronous populations were used in this study. A nematode growth medium (NGM) plate was inoculated with a single worm. After 4-5 days of incubation at 20°C, mixed-stage worm populations were dominated by one-day-old larvae. All worms were gently washed off the plates with Kmedium (32 mM KCl, 51 mM NaCl), 3) and age-synchronous populations (1-day-old larvae) isolated into a glass centrifuge tube using Sephadex G-25. Collected worms were allowed to settle by gravity. The supernatant was removed, and then the worms rinsed with K-medium to remove bacteria completely. Ten worms each were dispensed into 24-well tissue culture plates containing 0.5 ml of K-medium and variable amounts of xenobiotics per well. All treatments were done in triplicate. No feed was given during the test. Worms were exposed for 24 hr at 20°C, and the number of dead and/or live worms was determined by the absence of touch-provoked movement when probed with a platinum wire under dissecting microscope (Nikon, ECLIPSE, TS100, Japan). The median lethal concentration (LC 50 ) was calculated using the PROBIT method.
RESULTS AND DISCUSSION
During the last several decades the global environment has been polluted by an astonishing number of natural and xenobiotic compounds. There is growing concern about these chemical compounds may affect several physiological system, development, growth, reproduction and behavior of all organisms in the ecosystem. In the current study, we used an invertebrate bioassay to evaluate the toxicity of environmental chemicals on the free-living soil nematode C. elegans.
In our previous study, aquatic acute toxicity tests on C. elegans were conducted in a standard culture medium (S-basal) using 96-well tissue culture plates. 10) Although an easy test system, we found that the worms could not be stirred easily, and that test metal sometimes precipitated in the medium. S-basal therefore appeared unsuitable as a vehicle for testing metals, prompting the use of K-medium as the medium for metals in aquatic tests, as recommended by Donkin and Williams.
9) The test methodology was thus improved to allow evaluation of a range of chemicals, including metal compounds. Since many environmental chemicals are insoluble in water, it can be difficult to carry out toxicity tests without using organic solvents. DMSO is a common organic solvent and could be used as a toxicant vehicle in toxicity test. 11, 12) Although there are a few reports concerning the effects of DMSO on fecundity, 13, 14) its impacts on viability of C. elegans have not been documented. We determined the maximum "safe" concentration of DMSO as a first, preliminary step, because we used this solvent as a toxicant vehicle in our study. The changes in survival rates after exposure to DMSO in three different trials performed on different dates is shown in Fig. 1 . Increasing concentrations of DMSO had a marked effect on viability of exposed worms for 24 hr. There is no mortality, i.e., 100% survival, at 0 (K-medium only), 0.1, 0.5, and 1.0% DMSO. However, the worms showed approximately 80% survival in 5%, and no survival in 10% DMSO after 24 hr exposure. The findings obtained in our test system were highly reproducible, as a significant difference between the three test trials could not be demonstrated. Based on these results, the use of DMSO in final concentrations at or below 1.0% therefore appears appropriate for 24 hr-acute toxicity tests using C. elegans.
To investigate the applicability of our test system, we tested eleven chemicals, i.e., 17β-estradiol, bisphenol A, nonylphenol, benzo[a]pyrene, aldicarb, benzophenone, styrene monomer, styrene dimmer, styrene trimmer, ponasterone A and cadmium chloride. Table 1 summarizes the results of the acute toxicity tests with C. elegans using these eleven different xenobiotics. Among the chemicals tested, benzo[a]pyrene, nonylphenol, benzophenone, bisphenol A and cadmium chloride proved potentially lethal for C. elegans. C. elegans has previously been used in a bioassay to determine the relative toxic effects of metals in aquatic tests. Donkin and Williams 9) reported 24 hr-LC 50 values of 112-1124, 6.4-63.5, 2.1-207, and 2-20 mg/l for Cd, Cu, Pb, and Hg, respectively, for exposed worm larvae in K-medium free of bacteria. In our study, the 24 hr-LC 50 values of worms were found to be in a comparable or lower range (benzo[a]pyrene, nonylphenol, benzophenone, bisphenol A and cadmium chloride), supporting the notion that it is possible to use C. elegans for acute toxicity testing of various environmental chemicals. At present, a popular terrestrial invertebrate test organism for ecological risk assessment by the OECD and EPA is the earthworm Eisenia fetida (E. fetida). 15) However, this organism needs 14-days for acute toxicity test. Furthermore, Peredney and Williams 16) reported similar sensitivity of C. elegans and E. fetida in response to metals. Given the ease of culturing and the short duration of testing, C. elegans is more convenient than the earthworm. Moreover, C. elegans is among the best characterized invertebrates, with a wealth of biological information available. These points also supported that C. elegans is a suitable terrestrial invertebrate organism for toxicity testing.
Traunspurger et al., 17) for instance, reported that the percentage of gravid worms is a much more sensitive toxicity endpoint in a sediment bioassay.
Dhawan et al. 18) similarly indicated that behavioral changes are much more sensitive as a diagnostic tool than death for assessing toxicological effects of metals on C. elegans. More recently, Kohra et al. 19) demonstrated that bisphenol A suppress feeding behavior at 0.1 (0.023 mg/l) and 10 µM (2.3 mg/l) in C. elegans on agar plates. In order to estimate the toxicological effects of the eleven different xenobiotic chemicals used in this study, other endpoints, such as growth, reproduction or movement, may therefore be required. Values in parenthesis mean 95% confidence limits.
